Intraflagellar transport (IFT) is a bidirectional process required for assembly and maintenance of cilia and flagella. Kinesin-2 is the anterograde IFT motor, and Dhc1b/Dhc2 drives retrograde IFT. To understand how either motor interacts with the IFT particle or how their activities might be coordinated, we characterized a ts mutation in the Chlamydomonas gene encoding KAP, the nonmotor subunit of Kinesin-2. The fla3-1 mutation is an amino acid substitution in a conserved C-terminal domain. fla3-1 strains assemble flagella at 21°C, but cannot maintain them at 33°C. Although the Kinesin-2 complex is present at both 21 and 33°C, the fla3-1 Kinesin-2 complex is not efficiently targeted to or retained in the basal body region or flagella. Video-enhanced DIC microscopy of fla3-1 cells shows that the frequency of anterograde IFT particles is significantly reduced. Anterograde particles move at near wild-type velocities, but appear larger and pause more frequently in fla3-1. Transformation with an epitope-tagged KAP gene rescues all of the fla3-1 defects and results in preferential incorporation of tagged KAP complexes into flagella. KAP is therefore required for the localization of Kinesin-2 at the site of flagellar assembly and the efficient transport of anterograde IFT particles within flagella.
INTRODUCTION
Cilia and flagella perform essential motile and sensory functions for a variety of eukaryotic organisms. In vertebrates, defects in ciliary and flagellar motility (primary ciliary dyskinesia or PCD) result in randomization of left/right body asymmetry during embryonic development, chronic respiratory disease, and male sterility (Ibañ ez-Tallon et al., 2003) . Defects in the assembly of primary cilia or cilia-associated proteins have also been linked to polycystic kidney disease (PKD), retinal degeneration, hearing loss, and human obesity disorders . Studies in Chlamydomonas, Caenorhabditis elegans, and mice have demonstrated that the machinery required for ciliary assembly is highly conserved (Rosenbaum and Witman, 2002) . In most cases, the assembly and maintenance of these organelles depends on a bidirectional, intraflagellar transport (IFT) system of large protein particles driven by two distinct microtubule motors, a heterotrimeric Kinesin-2 and a novel cytoplasmic dynein (cDhc1b or Dhc2; Cole, 2003) . Formerly known as kinesin-II (Lawrence et al., 2004) , Kinesin-2 is responsible for transport from the basal body region to the tip of the axoneme (anterograde IFT; Kozminski et al., 1995; Piperno and Mead, 1997; Cole et al., 1998) , whereas the cDhc1b/LIC complex is required for transport from the flagellar tip to the basal body region (retrograde IFT; Pazour et al., 1999; Porter et al., 1999; Signor et al., 1999a; Wicks et al., 2000; Perrone et al., 2003; Schafer et al., 2003) .
The Kinesin-2 complex consists of two distinct kinesinrelated motor subunits and a third kinesin-associated protein (KAP). This complex was first described in sea urchin eggs and subsequently identified in the mouse, Chlamydomonas, C. elegans, Drosophila, Xenopus, and Tetrahymena (Cole et al., 1993 (Cole et al., , 1998 Yamazaki et al., 1995 Yamazaki et al., , 1996 Tuma et al., 1998; Brown et al., 1999; Ray et al., 1999; Signor et al., 1999b) . A role for Kinesin-2 in flagellar assembly was first indicated by the study of temperature sensitive, flagellar assembly (fla) mutations in Chlamydomonas and the identification of fla10 as defect in the motor domain of one of the kinesin-related subunits (Walther et al., 1994) . Inactivation of the FLA10 kinesin disrupted IFT in Chlamydomonas (Kozminski et al., 1995) , and microinjection of antibodies against a Kinesin-2 subunit blocked ciliary assembly in sea urchin embryos (Morris and Scholey, 1997) . Mutations in Kinesin-2-related sequences also inhibit the assembly of motile cilia in Tetrahymena (Brown et al., 1999) and sensory cilia in C. elegans (Shakir et al., 1993) , and Drosophila (Sarpal et al., 2004) .
Defects in the Kinesin-2 complex and ciliary assembly have profound, pleiotropic effects in mammals. Knockouts of the motor subunits in mice (KIF3A or KIF3B) disrupt the assembly of cilia in the embryonic node, leading to randomization of the left-right body-axis, and other embryological abnormalities (Nonaka et al., 1998; Marszalek et al., 1999; Takeda et al., 1999) . The neurological defects appear to be due in part to defects in sonic hedgehog signaling (Huangfu et al., 2003) . Tissue-specific knockouts have further demonstrated a requirement for the Kinesin-2 complex in the assembly of primary cilia in the eye and kidney; such mutations ultimately led to photoreceptor degeneration and polycystic kidney disease by complex mechanisms (Marsalek et al., 2000; Lin et al., 2003) .
Kinesin-2 is also involved in other forms of microtubulebased transport. In Drosophila, the complex is required for neuronal transport of choline acetyltransferase (Ray et al., 1999) and the transport or localization of components required for the signaling of cell fates during oogenesis (Pflanz et al., 2004) , in addition to its role in the maintenance of ciliated sensory neurons (Sarpal et al., 2004) . Dominant negative studies in Xenopus have indicated that Kinesin-2 is involved in the dispersion of pigment granules (Tuma et al., 1998) , ER-to-Golgi transport (Le Bot et al., 1998) , and most recently Vg1 mRNA localization (Betley et al., 2004) . Finally, Kinesin-2 may also be involved in the establishment of neuronal polarity via association with the PAR-3 complex (Nishimura et al., 2004) .
Despite all of the evidence indicating that Kinesin-2 plays a critical role in microtubule-based transport, the mechanisms that target this complex to a discrete subcellular location or regulate its association with specific cargo(es) are poorly understood. Considerable speculation has been focused on the possible function(s) of the highly conserved KAP subunit, which forms a large globular domain at the base of the Kinesin-2 complex (Wedaman et al., 1996; Yamazaki et al., 1996) . The KAP subunit contains 10 armadillo domains, which are degenerate, 42 amino acid repeats that form superhelical structures thought to mediate protein-protein interactions (Gindhart and Goldstein, 1996) . Yeast two-hybrid assays have identified the KAP subunit as a potential binding partner of a number of different molecules in vitro, but the functional significance of many of these interactions remains unclear (Shimizu et al., 1996 (Shimizu et al., , 1998 Nagata et al., 1998; Takeda et al., 2000; Jimbo et al., 2002) .
As an alternative strategy to study the function of the KAP subunit in the Kinesin-2 complex, we have initiated a genetic analysis of KAP in Chlamydomonas. We have found that KAP is the gene product of the FLA3 locus and that the fla3-1 mutation results in an amino acid substitution within a conserved domain in the C-terminal region of KAP. This mutation disrupts both the localization of the Kinesin-2 complex at the site of flagellar assembly in the basal body region and the assembly and transport of anterograde IFT particles within the flagella. The fla3-1 mutant phenotype indicates that the C-terminal domain of the KAP subunit is critical for the interaction of the Kinesin-2 complex with other IFT components.
MATERIALS AND METHODS

Cell Culture and Mutant Strains
All strains were maintained as described in Perrone et al. (2000) . The fla3 (CC1391), fla4 (CC1392), and fla10-1 (CC1919) strains were obtained from the Chlamydomonas Genetics Center (Duke University, Durham, NC). fla4 strain was crossed to an arg7 strain for use in cotransformation experiments. The fla3 strain from the stock center did not show a clear flagellar assembly defect at the restrictive temperature. CC1391 was therefore backcrossed to a wild-type strain (21gr) to remove potential modifiers or suppressors of the fla phenotype. The resulting tetrad progeny were scored after growth overnight at 33°C in liquid media, and several progeny with a clear fla phenotype were recovered. One of these progeny (1B) was designated as the representative allele of the fla3-1 mutation.
Cloning and Characterization of the KAP Gene
A cDNA clone (CL70g01, accession number AV396858) encoding the Chlamydomonas KAP sequence was obtained from the Kazusa DNA Research Institute (Chiba, Japan). A 3.4-kb insert was released by EcoRI/XhoI digestion and used to obtain six BAC clones (21k7, 10b10, 7j10, 35k13, 19m19, 2p23) containing the KAP gene. The complete transcription unit was identified within an 8.6-kb BamHI fragment from BAC clone 10b10 and sequenced by primer walking. The predicted amino acid sequence is similar but not identical to the gene model currently in the Chlamydomonas genome database (version 2, model 620048).
Epitope-tagged versions of KAP were generated by the insertion of either a triple HA tag or a GFP tag into a BbvcI site located near the 3Ј end of the KAP gene. The triple HA tag was PCR amplified from the p3HA plasmid provided by M. Lavoie and C. Silflow (University of Minnesota, St. Paul, MN) using primers with BbvcI restriction sites. The GFP tag was PCR amplified from the pHisCrGFP plasmid (Fuhrmann et al., 1999) . Sequence analysis confirmed that both epitope tags were inserted into the last exon between amino acid residues 839 and 840 in the proper orientation and reading frame. Both constructs were made using the genomic clone to ensure that the resulting tagged sequences would be expressed at approximately wild-type levels.
DNA and RNA isolation, agarose gels, Southern blots, and Northern blots were performed as previously described (Perrone et al., 2000) . To place KAP on the genetic map, the cDNA clone was used to identify an EcoRI/XhoI restriction fragment length polymorphism (RFLP) between two Chlamydomonas strains, 137c and S1-D2. The KAP cDNA was then hybridized to a series of mapping filters containing EcoRI/XhoI-digested genomic DNA isolated from the tetrad progeny of crosses between multiply marked Chlamydomonas strains and S1-D2. The segregation of the KAP RFLP was analyzed relative to the segregation of Ͼ50 genetic and molecular markers as described in Porter et al. (1996) . The resulting parental ditype:nonparental ditype:tetratype ratios indicated linkage to the genetic marker nic13 (9:0:6) and the molecular marker Tcr1-A (22:0:4). Centromere distance was estimated based on segregation with respect to the genetic markers ac17 and y1 (25:25:16).
The KAP genes present in fla3 and fla4 were recovered by PCR with gene-specific primers and sequenced directly. A single base pair mutation was observed in fla3. A 790-base pair region covering the site of the mutation was also PCR amplified from nine randomly chosen tetrad progeny. The same mutation was observed in four progeny exhibiting the fla phenotype, but no mutation was observed in five progeny with a wild-type phenotype.
Transformation of fla Mutants with Wild-type and Epitope-tagged KAP Genes
To test whether any of the clones could rescue the flagellar assembly defects in fla3 or fla4, each strain was cotransformed with a selectable marker and the clone in question. The KAP clones were linearized with SspI. The fla4 arg7 strain was cotransformed with the KAP clones and pARG7.8 (containing a wild-type copy of the ARG7 gene; Debuchy et al., 1989) . Transformants were selected on solid media lacking arginine. The fla3 progeny were cotransformed with the KAP clones and EcoRI digested pSI103 (containing the aphVIII gene from Streptomyces rimosus; Sizova et al., 2001) . Transformants were selected on solid media containing 10 g/ml paromomycin (P-8692, Sigma Chemical Co., St. Louis, MO). Individual colonies were resuspended in liquid medium and then screened for rescue of the fla phenotype after overnight incubation at 33°C.
Protein Isolation, SDS-PAGE, and Western Blotting
Small-and large-scale culture of vegetative cells, the isolation and extraction of flagella, and sucrose density gradient centrifugation of flagellar extracts were performed as described in Perrone et al. (2000 Perrone et al. ( , 2003 . Polypeptides were separated by SDS-PAGE on 5-15% polyacrylamide, 0.25 M glycerol gradient gels and blotted to polyvinylidene fluoride. Western blots were probed as described by Perrone et al. (1998 Perrone et al. ( , 2000 using either rat polyclonal antibodies to the HA epitope (clone 3F10, Roche Molecular Biochemicals, Indianapolis, IN), rabbit polyclonal antibodies to the FLA10 motor subunit of the Kinesin-2 complex (Cole et al., 1998) , or mouse monoclonal antibodies to alpha tubulin (Sigma T-5168). The rat polyclonal antisera to the Chlamydomonas KAP subunit was generated against purified soluble fusion protein that was made by ligating 369 base pairs encoding the NH 2 -terminal 123 amino acids of KAP into the pTrcHis vector (Invitrogen, Carlsbad, CA) . To compare the relative amounts of KAP and FLA10 in whole cells of different strains, equivalent numbers of total cells were loaded (between 1 and 5 ϫ 10 6 cells per lane). Blots were also stained with a tubulin antibody to control for variations in protein loading. Multiple exposures were scanned and analyzed using NIH Image to compare the relative intensity of different samples (normalized to tubulin) to ensure that signals were within the linear range.
Immunofluorescence Light Microscopy and Live Cell Imaging
Wild-type and mutant strains were prepared for immunofluorescence light microscopy using ice-cold methanol fixation (Sanders and Salisbury, 1995) and stained with the primary antibodies described above and Alexafluor-488 -conjugated secondary antibodies (Molecular Probes, Eugene, OR) as described in Perrone et al. (2003) . Additional primary antibodies included an affinity-purified rabbit polyclonal antibody against the dynein LIC (Perrone et al., 2003) and a mouse monoclonal antibody against the IFT particle subunit p139 (Cole et al., 1998) .
For analysis of IFT at 21°C, wild-type, fla3, and rescued strains were immobilized in 0.75% low-melting point agarose to inhibit flagellar motility and then imaged by video-enhanced DIC microscopy using a 100ϫ, 1.3 NA Plan Neofluor lens, a 4ϫ TV tube, and a C2400 Newvicon camera (Hamamatsu, Bridgewater, NJ). Video frames (30/s) were converted to digital images, and digital kymograms were created with MetaMorph software (Universal Imaging, Downingtown, PA) using methods similar to those described in Iomini et al. (2001) . Light intensity profiles along a length of flagellum and across a width of 12 pixels were obtained from sequential video images and used to generate the kymograms. To generate kymograms that accurately measure flagellar lengths, all images were rotated so that flagella were aligned along the horizontal axis. This was required because the kymogram program estimates distance using pixel width but does not account for variations in sample orientation. The movements of individual IFT particles along the length of the flagellum versus time are represented as diagonal tracks on the resulting kymograms. The velocities of IFT particles were determined by measuring the slope of the tracks. Particle frequencies were determined by counting the total number of anterograde and retrograde particles in a randomly chosen 10-s interval for each cell. Because particle frequencies can be highly variable from cell to cell, we also determined the anterograde-to-retrograde frequency ratio for each cell; the frequency ratio is much less variable (Iomini et al., 2001) . Particle pausing was estimated by counting the total number of anterograde particles present in a randomly chosen 3-m section of the flagellum within a 10-s interval and then noting how many of these particles were observed to stop moving within the same time frame. The data are presented as mean Ϯ SD (sample number). Data were compared using the Student's unpaired t test and Excel software. Samples were judged to be significantly different for values of p Ͻ 0.001.
The movement of the GFP-tagged KAP subunit was also visualized using confocal fluorescence microscopy. Time-lapse images were acquired with a Nikon TE200 inverted scope (Garden City, NY), a 100ϫ 1.4 NA plan apo lens, a Yokogawa confocal scanner (CSU10; Shenandoah, GA) at a wavelength of 488 nm, and a Hamamatsu Orca-ER camera using an exposure time of 0.5 s.
Flagellar Length Measurements
To ensure maximal flagellar assembly, wild-type and mutant strains were grown in liquid TAP medium with aeration for 2-4 d before measurements of flagellar length. Cells were either maintained at 21°C or shifted to 33°C, and aliquots of cells were removed at 60-min time points and fixed with 1% glutaraldehyde. Cells were imaged using phase contrast microscopy with a 40ϫ lens, 4ϫ TV tube, and C2400 Newvicon (Hamamatsu) camera. The lengths of individual flagella were measured using the Metamorph software package (Universal Imaging). In some experiments, the vegetatively growing cells were collected by centrifugation and transferred to M-N/5 medium for 4 -24 h to generate gametic cells. Data sets were compared using the Student's t test as described above.
RESULTS
Cloning and Characterization of the Chlamydomonas KAP Gene
To identify the gene encoding the Chlamydomonas homologue of KAP, we screened the EST databases with the sea urchin sequence (U38655) and identified a cDNA clone with high sequence homology to sea urchin KAP. An ϳ3.4-kb insert was isolated from this clone to use as a hybridization probe. Southern blot analysis of wild-type and S1D2 genomic DNA demonstrated that the KAP sequence is a single copy gene ( Figure 1A ). Northern blot analysis of wild-type RNA isolated before and after deflagellation also revealed that the KAP sequence hybridized to an ϳ3.4-kb transcript that is up-regulated in response to deflagellation, as expected for a gene involved in flagellar assembly or motility ( Figure 1B ).
Sequence analysis of the ϳ3.4-kb insert indicated the presence of a full-length cDNA encoding a polypeptide of 847 amino acid residues with a predicted molecular weight of ϳ95 kDa and a pI of ϳ5.21 (GenBank accession number AY739907). Sequence alignment programs indicate that CrKAP is closely related (e.g., ϳ44% identity and ϳ64% similarity) to KAP sequences identified in other organisms over most of its length ( Figure 2 ). The regions of homology include the 10 armadillo repeats first described in the sea urchin sequence (Gindhart and Goldstein, 1996) .
Two nonconserved regions were noted in the Chlamydomonas KAP sequence. The first is basic domain located between amino acids 95-200 that is also alanine and proline rich. This region is present in other Chlamydomonas KAP ESTs, the genomic clone, and related RT-PCR products, but its function is unknown. The second nonconserved region corresponds to the C-terminal 83 amino acids, which display only limited similarity with other KAP sequences. The function of this region is unknown, but it has been useful site for the introduction of epitope tags to follow the expression of the KAP polypeptide (see below).
Identification of a Mutation in the KAP Gene
To identify candidate mutations in the KAP gene, we used RFLP mapping procedures to place the sequence on the genetic map of Chlamydomonas. The EcoRI/XhoI RFLP shown in Figure 1A was used as a molecular marker to follow the cosegregation of the KAP gene with respect to a series of molecular and genetic markers. The KAP gene was mapped to the right arm of linkage group X, based on linkage to the genetic marker nic13 and the molecular marker Tcr1-A (see Materials and Methods and Figure 3A ). The KAP cDNA was used to screen a Chlamydomonas BAC library and recover six clones containing the KAP transcription unit. Two of these BACs (21k7 and 2p23) also hybridized with the molecular marker GP145, which has recently been mapped to linkage group X (Kathir et al., 2003) . The mapping data place the KAP gene in the vicinity of two temperature-sensitive mutations, fla3 and fla4, representing two distinct loci involved in flagellar assembly (Adams et al., 1982) .
To determine if either fla3 or fla4 might be a mutation in the KAP gene, we subcloned and sequenced the full-length genomic clone encoding the wild-type gene from BAC 10b10 ( Figure 3B , GenBank accession number AY739906) and then used the genomic clone in cotransformation experiments with the fla3 and fla4 mutant strains. Both fla3 and fla4 assemble flagella at the permissive temperature of 21°C, but lose their flagella at the restrictive temperature of 33°C (Adams et al., 1982) . Transformants were therefore screened for the presence of flagella after overnight incubation at the restrictive temperature. No rescue of the flagellar assembly defect was observed with any of the fla4 transformants (n ϭ 264). Transformation of fla3 cells with the wild-type KAP gene resulted in the rescue of the flagellar assembly defects at the restrictive temperature in ϳ10% (24/282) of the transformants, a value typical for cotransformation frequencies.
To confirm the transformation results and identify the site of the mutation in fla3, we used PCR to recover the KAP gene from both fla3 and fla4 genomic DNA. Sequence analysis 229 -270, 274 -314, 360 -400, 401-441, 442-480, 481-523, 525-561, 562-604, 605-648, 649 -690, 691-733) are underlined. The conserved phenylalanine residue that is mutated in fla3 is indicated by an asterisk.
indicated the presence of a single base pair change in the fla3 KAP gene but no changes in fla4. The mutation cosegregated with the temperature-sensitive, flagellar assembly phenotype in progeny of a backcross to a wild-type strain (see Materials and Methods). In each case, nucleotide 6853 was changed from T to C, resulting in the change of a phenylalanine to a leucine at amino acid residue 753 ( Figure 4A ). This phenylalanine residue is invariant in all KAP sequences described thus far, but its function is unknown. However, the fla3 mutation does alter a conserved domain within the C-terminal region, just after the last armadillo repeat (Figures 2 and 4B ). This region has been predicted to be a potential cargo-binding site (Deacon et al., 2003) .
The Effects of the fla3 Mutation on the Stability and Localization of the Kinesin-2 Complex
To assess whether the KAP mutation might affect the stability of the Kinesin-2 complex in fla3 cells, we analyzed wholecell extracts on Western blots. Previous studies of the temperature-sensitive fla10-1 mutation have indicated that the FLA10 motor subunit of the Kinesin-2 complex is less stable in fla10-1 cells (Walther et al., 1994; Kozminski et al., 1995; Cole et al., 1998) . Wild-type and mutant strains were maintained at 21°C or grown overnight at 33°C, and then wholecell extracts were analyzed on Western blots probed with antibodies to FLA10, KAP, and tubulin. No significant changes in the levels of the KAP subunit or the FLA10 subunit were observed in fla3 cells at either the permissive or restrictive temperature ( Figure 4C ). In contrast, an obvious decrease in the FLA10 subunit was seen in fla10-1 cells at 33°C, consistent with earlier reports (Walther et al., 1994; Kozminski et al., 1995; Cole et al., 1998) . Thus the fla3 mutation differs from the fla10-1 mutation in that it does not have a dramatic effect on the stability of its mutant gene product. In addition, fla3 does not appear to have a significant effect on the stability of FLA10.
To determine if the fla3 mutation alters the subcellular localization of the Kinesin-2 motor, we analyzed the distribution of the Kinesin-2 complex and other IFT components in fixed wild-type and mutant cells by immunofluorescence microscopy. Staining of fla3 cells with an antibody against ␣-tubulin demonstrates the clear presence of the two flagella at 21°C and their complete absence at 33°C ( Figure 5 ). Moreover, the cytoplasmic microtubule array appears to be relatively normal at both temperatures, similar to that reported previously for FLA10 null strains (Matsuura et al., 2002) . Staining of wild-type cells with a FLA10 antibody confirms that the FLA10 subunit is concentrated in the basal body region, at the anterior end of the cell, and also present in punctate spots along the length of the two flagella ( Figure 5 ), as reported previously (Vashishtha et al., 1996; Cole et al., 1998) . However, analysis of fla3 cells grown at 21°C revealed that FLA10 staining of both the basal body region and the two flagella was significantly reduced ( Figure 5 ). Interestingly, the defect in the localization of FLA10 subunit at the permissive temperature was more severe in fla3 cells than that observed in fla10-1 cells ( Figure 5 ). Staining with an antibody to KAP confirmed that the KAP subunit is concentrated in the basal body region and flagella of wild-type cells, but dispersed in fla3 cells ( Figure 5 ). The simplest interpretation is that the fla3-1 mutation is altering either the targeting or retention of the Kinesin-2 complex at the site of flagellar assembly.
At 21°C, the fla3 defect appears to be limited to the aberrant localization of the Kinesin-2 complex. The stain- RFLP mapping procedures were used to place the KAP gene on the right arm linkage group X, based on linkage to the genetic marker nic13 (ϳ20 cM) and the molecular marker Tcr1-A (ϳ7.7 cM), ϳ12.5 cM from the centromere (see Materials and Methods for details). These data placed the KAP gene in the vicinity of two flagellar assembly mutations, fla3 and fla4 (Adams et al., 1982) . ( ing seen with antibodies to other IFT components, such as the retrograde IFT motor or IFT particles, is similar to that observed in wild-type cells ( Figure 5 and Perrone et al., 2002) . For example, both the dynein LIC and the IFT particle subunit p139 are found in the basal body region and in punctate spots along the length of the flagella. Western blots of isolated flagella also showed that other IFT components are present at approximately wild-type levels (Mueller and Porter, unpublished results). Thus low levels of a partially functional Kinesin-2 complex can apparently maintain flagellar assembly at 21°C. Consistent with this hypothesis, measurements of steady state flagellar lengths under optimal growth conditions (see Materials and Methods) indicate that fla3 flagella are only slightly shorter than wild-type flagella (Table 1) . However, under certain experimental conditions, such as flagellar regeneration or maintenance at higher temperature, the effectiveness of the Kinesin-2 complex to pro- Figure 5 . The fla3 mutation disrupts the localization of the Kinesin-2 complex in the basal body region. Wild-type and mutant strains were fixed at both 21 and 33°C, stained with a specific antibody (indicated on the right), and then imaged using both DIC and fluorescence microscopy. The top row shows fla3 cells stained with an antibody to tubulin. The cytoplasmic microtubule array is wild-type, but flagellar microtubules are absent at the restrictive temperature. The second row shows wildtype cells stained with an antibody to the FLA10 motor subunit, which concentrates in the basal body region and in a punctate pattern along the length of the two flagella. The third row shows fla3 cells stained with the FLA10 antibody; note how FLA10 staining is dispersed at both temperatures. The fourth row shows fla10-1 cells strained with the FLA10 antibody. Although FLA10 is reduced in the fla10-1 mutant, basal body localization can still be observed at 21°C. The fifth row shows wildtype cells stained with an antibody to KAP; note that KAP is concentrated in the basal body region and in a punctate pattern in the flagella, similar to FLA10 above. The sixth row shows fla3 cells stained with the KAP antibody; note how KAP staining is dispersed in the mutant strain. The seventh and eighth rows are fla3 cells stained with antibodies against other IFT components, the dynein LIC and the IFT particle subunit p139. The basal body and flagellar localization of these components appears to be relatively wild-type at 21°C. These components remain concentrated in the basal body region of the aflagellate cells at 33°C. mote flagellar assembly is clearly compromised in fla3 cells. Previous studies have indicated that wild-type cells grown at 33°C require higher levels of Kinesin-2 activity for flagellar maintenance (Kozminski et al., 1995) . When fla3 cells are grown at 33°C, this requirement appears to exceed the levels of functional motor complex available, and flagellar assembly is inhibited. Staining with the FLA10 and KAP antibodies confirms that localization of the Kinesin-2 complex to the basal body region is completely disrupted ( Figure 5 ). In contrast, the dynein LIC and IFT subunit p139 are still present in the anterior region of the cell, even though there is no flagellar assembly at the restrictive temperature ( Figure 5 ).
Rescue of the fla3 Defects by Transformation with Epitope-tagged KAP Genes
To follow the wild-type KAP sequence in fla3 rescued cells, we tested two epitope-tagged versions of the wild-type KAP gene for their ability to incorporate into the Kinesin-2 complex, restore localization of Kinesin-2 to the basal body region, and thereby rescue the flagellar assembly defects. The epitope tags were inserted into the nonhomologous C-terminal region of the polypeptide, between amino acid residues 839 and 840, followed by the last seven amino acid residues. The fla3 mutant was transformed with a selectable marker and genomic clones encoding either the HA-tagged KAP or the GFP-tagged KAP subunit. Transformants were screened for rescue of the flagellar assembly defects at 33°C. Both constructs rescued the flagellar assembly defect at frequencies similar to that observed with the untagged KAP gene (i.e., 17 rescues out of 424 transformants with the HA-tagged KAP and 10 rescues out of 480 transformants with the GFP-tagged KAP). Measurements of flagellar lengths at 21°C also demonstrated the flagella of the rescued strains are similar in length to wild-type and longer than those of fla3 (Table 1) .
To determine if the epitope-tagged subunits are present in the flagella of the rescued strains, several rescued strains were grown at both 21 and 33°C, and then isolated flagella were analyzed on Western blots. As shown in Figure 6A , flagella isolated from fla3 strains rescued with the HA-tagged KAP gene contained an ϳ100-kDa polypeptide that was not observed in either wild-type or fla3 cells. Similarly, flagella isolated from GFP rescued strains contained an ϳ122-kDa polypeptide ( Figure 6B ). In both cases, the increase in the apparent size of the KAP polypeptide is consistent with the size of the inserted epitope tag. The tagged KAP polypeptides and FLA10 subunit were released from isolated axonemes by extraction with 10 mM MgATP ( Figure 6B ), similar to that reported previously for the wild-type Kinesin-2 complex (Cole et al., 1998) . Sucrose density gradient centrifugation of the ATP extracts revealed that both the HA-tagged KAP (unpublished results) and the GFP-tagged KAP (Figure 6C ) cosedimented with the FLA10 subunit at ϳ10S. Western blots probed with a KAP antibody further demonstrated that the epitope-tagged KAP subunits assemble into flagella more efficiently than the fla3 KAP subunit ( Figure 6D ), even though they are expressed at similar levels in whole cells ( Figure 6E ). To verify that the tagged KAP subunit is fully functional in IFT, we also monitored the behavior of the GFP-KAP subunit in living cells by confocal fluorescence microscopy (see Supplementary Video). The bidirectional movement of GFP-labeled particles is clearly visible in the flagella of the rescued strain.
The ability of the tagged KAP subunits to restore the localization of the Kinesin-2 complex to the basal body region and flagella was assessed by immunofluorescence microscopy of fixed cells. Staining of fla3 cells with the HA antibody resulted in only faint background fluorescence of the cell bodies (Figure 7) , whereas staining of KAP-HArescued cells demonstrated that the HA-tagged KAP was concentrated in the anterior region of the cell and in punctate spots along the length of the two flagella ( Figure  7) . Staining of either KAP-HA-or KAP-GFP-rescued cells with the FLA10 antibody indicated that the Kinesin-2 complex is now reconcentrated in the basal body region and present along the length of the two flagella. The pattern of FLA10 staining seen in the rescued strains was strikingly different from that observed previously in fla3 mutant cells (see Figure 5) , at both 21 and 33°C. These results strongly suggest that the defect in localization of the Kinesin-2 complex to the basal body region is the basis of fla3 flagellar assembly defects and that this defect is rescued by the epitope-tagged KAP subunits. Staining of rescued cells with antibodies against other IFT components (such as the dynein LIC or the IFT subunit p139) confirmed that these components are now present in flagella at the restrictive temperature, as expected for Kinesin-2 cargoes (Perrone and Porter, unpublished results). The simplest interpretation of these observations is that the fla3-1 KAP subunit fails to be effectively coupled to its cargo(s) at the site of flagellar assembly, and as a result the Kinesin-2 complex becomes mis-localized. The fla3 Mutation Affects IFT and Flagellar Assembly at the Permissive Temperature Recent studies of other fla mutant strains have indicated that the loss of flagella at 33°C is a complex phenomenon involving both resorption due to defects in flagellar maintenance and active deflagellation by flagellar excision at the transition zone (Parker and Quarmby, 2003) . In addition, many fla mutants have defects in different phases of IFT at 21°C (Iomini et al., 2001) . Because there has been comparatively little study of fla3, we analyzed the behavior of fla3 and fla3 rescued cells at both 21 and 33°C. These studies revealed that fla3 cells also exhibit significant flagellar assembly defects at 21°C. For instance, when fla3 cells are resuspended from solid medium into liquid medium or subjected to deflagellation by pH shock, flagellar regeneration requires several hours, compared with wild-type or rescued cells, which regenerate full-length flagella within 60 -90 min. These results and the defects in Kinesin-2 localization described above ( Figure 5 ) suggested that intraflagellar transport (IFT) might be compromised in fla3 cells at 21°C.
To determine the effect of the fla3 mutation on IFT, we analyzed the movement of individual IFT particles in wildtype, fla3, and the KAP-GFP-rescued strains using videoenhanced DIC light microscopy. Previous studies have shown that specific defects in IFT particle velocities and frequencies can be observed in several fla mutants, but the fla3 strain was not analyzed (Iomini et al., 2001) . These earlier studies also used a paralyzed flagellar mutant background (pf15) to immobilize the fla cells and facilitate particle tracking. However, we were able to immobilize the flagella by mounting cells in 0.75% low-melting-point agarose, which allowed us to analyze each strain directly. As shown in Figure 8 and Table 2 , the fla3 cells are specifically defective in the movement of anterograde IFT particles at 21°C. The most significant difference noted between the strains was the presence of fewer anterograde particles per second in fla3 flagella, compared with either the wild-type or the KAP-GFP-rescued strains (p Ͻ 0.0001). In contrast, no significant differences in the number of retrograde particles per second were observed between the strains. The effect on particle frequency is also illustrated in the anterograde-to-retrograde particle frequency ratio, which is much lower for fla3 than for either the wild-type or rescued strains (Table 2) . Interestingly, we observed only a slight decrease in the velocity of moving anterograde particles in fla3 flagella. However, the anterograde IFT particles were observed to pause much more frequently and for significantly longer periods in fla3 cells than in either wild-type or rescued strains. More than 50% of the anterograde particles were observed to pause or stop in fla3 cells, compared with Ͻ19% in wild-type or rescued cells. In addition, the apparent sizes of the anterograde particles appeared to be larger in fla3 than in either wild-type or the rescued cells. (Figure 8 ). These results clearly indicate that both the number and the overall velocity of anterograde IFT particles are decreased in fla3 cells. In addition, all of these defects are completely rescued by the GFP-tagged KAP subunit.
The fla3 Mutation Leads to Deflagellation at the Restrictive Temperature
Previous studies of other fla mutants at 33°C have indicated that there is significant variability between different strains with respect to the time course of flagellar loss (Adams et al., 1982, Lux and Dutcher, 1991) . Furthermore, depending on the external calcium concentration of the media, flagellar loss or disassembly appears to proceed by a combination of active flagellar excision at the transition zone and flagellar resorption via disassembly at the tip (Parker and Quarmby, 2003; Pan et al., 2004) . We have found that fla3 cells display a similar response. After a shift to from 21 to 33°C, the average lengths of fla3 flagella gradually decrease, whereas wild-type and rescued cells maintain a relatively constant flagellar length over a 6-h time course ( Figure 9A) . However, the decrease in flagellar length in fla3 is primarily due to flagellar loss by active excision, as the relative numbers of both aflagellate and uniflagellate cells increases dramatically following the shift to 33°C ( Figure 9C ). When one excludes the aflagellate cells from determination of the average flagellar length, the lengths of the remaining flagella decrease only slightly over the same time course ( Figure 9B , see Discussion). Significantly, the presence of a wild-type or , and KAP-GFP-rescued (GFP) cells at 21 and 33°C was probed with an antibody against KAP. Note the preferential assembly of the larger, epitope-tagged KAP subunits in axonemes of the rescued strains at both temperatures. (E) A Western blot of whole cell extracts prepared from wild-type, fla3, KAP-HA-rescued, and KAP-GFP-rescued strains was probed with an antibody against KAP. Note that the epitope-tagged KAP subunits are expressed at levels similar to the endogenous fla3 KAP subunit in the rescued cells.
epitope-tagged KAP transgene in the rescued fla3 cells prevents the rapid disassembly seen at 33°C. The total number of aflagellate and uniflagellate cells is similar to wild-type cells, and the average flagellar lengths are also relatively constant. These results suggest the presence of a signaling pathway that promotes active flagellar excision in fla3 cells when conditions are unfavorable for flagellar assembly. This pathway has recently been described in other fla mutants that are compromised with respect to flagellar assembly (Parker and Quarmby, 2003) .
DISCUSSION
Identification of a Temperature-sensitive, Flagellar Assembly Mutation in the KAP Gene
Several studies have demonstrated the essential role of the Kinesin-2 complex in the assembly of eukaryotic cilia and flagella, but the specific function of the KAP subunit in this process has been largely unexplored. In this report, we characterize the KAP gene, FLA3, in Chlamydomonas and demonstrate that it encodes a highly conserved polypeptide whose sequence is very similar to KAP subunits that have been characterized in other organisms (Figures 1-3) . The observation that a mutation in FLA3 can disrupt flagellar assembly and maintenance demonstrates that KAP is an essential subunit of the heterotrimeric Kinesin-2 complex. Moreover, the complete inhibition of flagellar assembly at 33°C suggests that the Kinesin-2 complex is the primary anterograde IFT motor in Chlamydomonas. Studies in Tetrahymena and C. elegans have indicated that an OSM-3-related kinesin complex also contributes to anterograde IFT in these species (Shakir et al., 1993; Awan et al., 2004; Snow et al., 2004) . Our findings are consistent with recent studies in Drosophila indicating that null mutations in the DrKAP gene disrupt the assembly of sensory cilia involved in hearing, proprioception, taste, and olfaction (Sarpal et al., 2003) . However, an unexpected result of the Drosophila studies was that neither Kinesin-2 nor IFT is required for the assembly of Drosophila sperm flagella (Han et al., 2003; Sarpal et al., 2003) . This apparent discrepancy is likely due to the fact that Drosophila sperm develop within a syncitium and become individualized only after flagellar assembly is completed (Fuller, 1993) . Given the conservation of the heterotrimeric Kinesin-2 complexes seen in other organisms, it is likely that KAP is required for anterograde IFT in nearly all ciliated cells, with a few exceptions as noted above, but its specific function within the complex is not well understood. We have been able to use the conditional phenotype of the temperature-sensitive fla3-1 mutation to probe the function of the KAP subunit in Chlamydomonas. Epitope-tagged KAPs restore localization of the FLA10 Kinesin-2 complex to the basal body region and flagella. fla3 and fla3 rescued cells were fixed at both 21 and 33°C, stained with the antibodies as indicated on the right, and then imaged using both DIC and fluorescence microscopy. The top row shows fla3 cells stained with an antibody against the HA epitope; only background staining is observed. The second row shows KAP-HA-rescued cells stained with the HA-antibody, note the concentration of KAP-HA in the basal body region and along the length of the flagella at both temperatures, similar to wild-type pattern observed with the FLA10 and KAP antibodies in Figure 5 . KAP-HA-rescued cells (third row) and KAP-GFP-rescued cells (bottom row) were also stained with the FLA10 antibody. Note that the FLA10 motor subunit is now concentrated in the basal body region and the flagella of the rescued strains.
Targeting of Kinesin-2 by KAP Vol. 16, 2005 Defects in the Localization of the Kinesin-2 Complex in fla3 Cells Contrary to initial expectation, we found that the fla3 mutation does not appear to significantly alter the level of either KAP or FLA10 in whole cells (Figures 4C and 6E ). This is distinct from previous studies of the FLA10 locus, which have shown that the different fla10 alleles have variable effects on the stability of the FLA10 protein and the extent of flagellar assembly (Huang et al., 1977; Adams et al., 1982; Lux and Dutcher, 1991; Walther et al., 1994; Kozminski et al., 1995; Vashishtha et al., 1996; Cole et al., 1998) . The fla3 mutation does however have a very dramatic effect on the localization of the FLA10 Kinesin-2 complex in the basal body region. The fla3 mutation appears to reduce either the targeting or the retention of the FLA10 complex at the site of flagellar assembly (Figure 5 ). This defect is completely rescued by transformation of fla3 with wild-type or epitopetagged versions of the KAP gene (Figure 7) . The effect of fla3 on the localization of FLA10 is therefore distinct from that observed with mutations in other IFT components, such as the cDhc1b complex or IFT particle subunits. These mutants still concentrate FLA10 in the basal body region (Pazour et al., 1999; Porter et al., 1999; Deane et al., 2001; Perrone et al., 2002) . Thus the concentration of the FLA10 Kinesin-2 complex in the basal body region is critically dependent on the KAP subunit, but independent of the retrograde motor and at least some IFT particle subunits. The dispersal of the Kinesin-2 complex throughout the cell has also been observed in the bld2-1 mutant (Cole et al., 1998) . BLD2 encodes an epsilon tubulin required for basal body assembly and morphogenesis (Dutcher et al., 2002) . As a result, bld2-1 cells have abnormal basal bodies and disorganized rootlet microtubules (Ehler et al., 1995) . Taken together, these results suggest that the KAP subunit may facilitate the interaction of the Kinesin-2 complex with an unidentified component(s) of basal body apparatus or IFT machinery that is missing or disorganized in bld2-1 cells. These may include components of the transitional fibers that have recently been identified as potential docking sites for IFT particles (Deane et al., 2001) or another IFT component that is anchored in the basal body region and mediates interactions between KAP and the IFT particle. Future study of other mutants with defects in different stages of basal body assembly may prove useful in identifying other components required for Kinesin-2 localization. In addition, transformation with different KAP constructs should further define domains within the polypeptide sequence required for the efficient targeting or retention of the complex within the basal body region.
The fla3 Mutation Is Associated with Defects in Anterograde IFT
At 21°C, fla3 cells assemble flagella that are only slightly shorter than those of their wild-type counterparts (Table 1) . However, we noted that the time course of flagellar regeneration was much slower with fla3 cells than with wild-type cells. We therefore analyzed the movement of IFT particles directly using video-enhanced DIC microscopy. This analysis revealed decreases in both the frequency and overall velocity of anterograde IFT particles in fla3, but no statistically significant changes in the frequency and/or velocity of retrograde IFT particles ( Figure 8 , Table 2 ). Pausing of anterograde IFT particles was also observed much more frequently in fla3 cells.
Previous studies have suggested that IFT can be subdivided into at least four distinct phases (Iomini et al., 2001) . In phase I, anterograde particles are assembled in the basal body region by the remodeling and recycling of retrograde particles and by the addition of IFT motors and flagellar cargoes. In phase II, the anterograde particles are transported from the base to the tip of the flagellum by the Kinesin-2 complex. In phase III, cargoes are unloaded at the flagellar tips, and anterograde particles are remodeled into retrograde particles. In phase IV, retrograde particles are transported by cytoplasmic dynein from the tip to the proximal end of the flagellum and eventually to the basal body region. Mutant strains with lower anterograde to retrograde particle frequencies are thought to represent defects in phase I. Similarly, mutant strains with lower anterograde particle frequencies and decreased anterograde velocities are considered defective in phase I and phase II. Using this classification system, fla3 is clearly defective in both phases I and II of IFT. Reductions in anterograde particle frequency are thought to arise from deficiencies in the loading of IFT particles into the flagella from the basal body region (Iomini et al., 2001) . In the case of fla3, such defects are consistent with observations that FLA10 staining is reduced in the basal body region (Figure 5 ), even though other IFT components appear to be present at wild-type levels. Reduced Kinesin-2 activity in fla3 flagella may also account for the increase in the size of the anterograde particles. Increases in the apparent size of the anterograde particles have also been noted in other phase I-II mutants (Iomini et al., 2001) . Interestingly, at least two of these mutants have been identified as mutations in the motor domains of the kinesinrelated subunits (Vashishtha et al., 1996; Cole and Dutcher; personal communication) . Whether these increases in particle size result from defects in particle assembly at the basal body region or from the merging of particles during IFT remains to be determined.
Decreases in anterograde particle velocities (phase II defects) can also arise from mutations in the Kinesin-2 complex. For instance, in fla10-1 cells, anterograde particles are transported at wild-type velocities at 21°C, but at decreased velocities at 32°C, until all IFT particle movement stops (Iomini et al., 2001 ). In the case of fla3, the effect on particle velocity appears to be more complex. In fla3, the velocities of the moving anterograde particles are similar to wild-type at 21°C, but anterograde particles stop or pause much more frequently in fla3 flagella than in either wild-type or KAP-GFP-rescued flagella ( Figure  8 ). The frequent pausing of particles has not previously been reported in other fla mutants (Piperno et al., 1998; Iomini et al., 2001 ) and so it is unclear if this is a unique feature of the fla3 mutation. However, it seems highly likely that the pausing of the particles may be caused by their dissociation from the Kinesin-2 motor, particularly if the number of Kinesin-2 complexes per particle is relatively small. Indeed, a recent study of Kinesin-2 motor subunits in vitro has demonstrated that the complex is highly processive and therefore capable of transporting cargoes at a constant velocity that is largely independent of motor density (Zhang and Hancock, 2004) . Furthermore, the rescue of the pausing defects seen in the fla3::KAP-GFP strain correlates very clearly with the observation that the KAP-GFP subunit assembles into flagella much more efficiently than the fla3 KAP subunit, even though both are expressed at similar levels in the cytoplasm (Figure 6 , D and E). These results strongly suggest that the fla3 mutation alters the interaction between the Kinesin-2 complex and the IFT particle. Whether this effect is direct (i.e., due to a specific interaction between the KAP subunit and an IFT particle subunit) or indirect (i.e., due to an interaction with another component that regulates cargo binding) is still unknown. Further characterization of other fla mutations (e.g., fla1, fla8, fla18, All measurements are expressed as mean Ϯ SD (sample size). For frequency measurements, n ϭ total number of cells, and for velocity measurements, n ϭ total number of particles. Frequency is expressed as particles per second (p/s), and velocity is expressed as microns per second (/s). The frequency ratio is the frequency of anterograde particles divided by the frequency of retrograde particles for each cell. Because the fla3 mutation was originally isolated in the 137c background, but backcrossed into 21gr, we analyzed particle movement in both strains. No significant differences in particle frequency or velocity were observed between the two wild-type strains. For fla3 cells, the frequency of anterograde particles is significantly reduced, but anterograde particle velocity is only slightly decreased relative to wild-type cells. No statistically significant differences (p Ͻ 0.001) were observed for retrograde particle frequency or velocity. Transformation of fla3 with the GFP-tagged KAP construct (fla3::KAP-GFP) restores the frequency of anterograde particles (and the frequency ratio) to wild-type levels.
Targeting of Kinesin-2 by KAP Vol. 16, 2005 fla27) that also alter anterograde IFT (Iomini et al., 2001 ) may help resolve this question.
Why Do fla3 Cells Deflagellate at 33°C?
Recent studies have demonstrated that several fla mutants disassemble their flagella at the restrictive temperature by a process of active deflagellation Parker and Quarmby, 2003) . fla3 cells display a similar response. After a shift from 21 to 32°C, the majority of cells disassemble their flagella by deflagellation, but the remaining cells resorb their flagella relatively slowly (Figure 9 ). One hypothesis is that inactivation of IFT at the restrictive temperature is a signal that initiates the deflagellation pathway (Parker and Quarmby, 1994) . We therefore examined IFT in fla3 cells that had been held at 32°C but still retained their flagella. Contrary to expectation, both anterograde and retrograde IFT were observed in the flagella of fla3 cells that had been held at 32°C for as long as 6 h, even though IFT is completely inhibited in fla10-1 cells under the same conditions (Perrone and Porter, unpublished results) . Iomini et al. (2001) have reported that IFT continues for at least 90 min in several other fla mutants that also exhibit defects in different phases of IFT (fla2, fla11, fla12, fla16, fla17, fla21, fla24, fla28) . These observations suggest that although defects in IFT are likely to contribute to the deflagellation response seen in fla mutants, the signal that initiates flagellar excision precedes the complete inhibition of IFT.
The fla3 Mutation Identifies the C-terminal Region of KAP as Critical Functional Domain
Our studies also demonstrate that the conserved C-terminal region is a critical functional domain of the KAP subunit. Sequence analysis revealed that fla3-1 is a point mutation that results in the substitution of a leucine for a conserved phenylalanine at amino acid residue 753, 20 amino acids downstream from the last armadillo repeat (Figures 2 and 4) . The specific function of this residue is unknown, but it is contained within a highly conserved region of the KAP sequence that has been identified in other species as the potential binding site for the mixed lineage protein kinase MLK2 (Nagata et al., 1998) , the tumor suppressor APC (Jimbo et al., 2002) , and the p150 subunit of the dynactin complex (Deacon et al., 2003) . Our current working hypothesis is that the fla3 mutation disrupts an interaction between the KAP subunit and another component that regulates its association with the IFT particle, but the identity of this component is presently unknown. Recent studies in mammalian cells have provided some new clues on the nature of the interaction between the Kinesin-2 complex and the IFT particles. Yeast two-hybrid assays have indicated that the mouse IFT20 subunit interacts directly with one of Kinesin-2 motor subunits, KIF3B, via coiled coil domains (Baker et al., 2003) . Interestingly, this interaction appears to be regulated by ATP (Baker et al., 2003) . As others have speculated that phosphorylation of the C-terminal region of the KAP subunit might regulate cargo interactions (Nagata et al., 1998) , we analyzed the region around the site of the fla3 mutation for potential phosphorylation sites, but thus far none of the predicted sites appear to be universally conserved in other species. A second yeast two-hybrid study has identified an interaction between the human homologue of FLA10 (KIF3A) and a regulatory coiled-coil region of the protein kinase NEK1 (Surpili et al., 2003) . Whether any of the Kinesin-2 subunits are substrates of the NEK1 kinase remains to be determined, but it is intriguing to note that mutations in the mouse Nek1 gene have a complex phenotype that includes late onset PKD, male sterility, and facial dysmorphism (Upadhya et al., 2000) . A possible defect in flagellar assembly as the basis of the mouse Nek1 phenotype has not been explored. Intriguingly however, recent studies have identified a large gene family encoding NEK-related kinases in Chlamydomonas (Bradley et al., 2004) , and at least two family members have been localized to flagella (Mahjoub et al., 2004; Bradley and Quarmby, personal communication) . One of these kinases is essential for calcium-induced microtubule severing during deflagellation (Mahjoub et al., 2004) , and defects in another have been correlated with changes in flagellar length (Bradley and Quarmby, personal communication) . Further study of the Nek gene family in Chlamydomonas may therefore provide important insights into the pathways that regulate Kinesin-2 activity.
Rescue of fla3 Defects with Epitope-tagged KAP Sequences
Because the fla3 KAP subunit is relatively stable, we used epitope-tagged versions of the wild-type gene to rescue the mutant phenotype and localize the wild-type gene product in rescued cells. The epitope tags were placed in a nonconserved domain close to carboxy terminus, and by all criteria tested, both the HA-and GFP-tagged KAP sequences fully rescued the fla3 mutant phenotypes. Confocal microscopy of living cells confirmed that KAP-GFP-labeled particles can be observed to move in both directions along the length of the flagella, similar to that reported previously for KAP-GFP in the sensory cilia of the nematode, C. elegans (Signor et al., 1999) . KAP-GFP signals have also been observed in blastula cilia of sea urchin embryos (Morris et al., 2004) . Interestingly, the Chlamydomonas KAP-GFP subunit is more efficiently incorporated into the Kinesin-2 complex of the flagella than the fla3 mutant subunit, even though both are present at similar levels in the cell body. The tagged proteins are clearly part of a functional motor complex and serve as faithful reporters of the KAP subunit. These constructs will therefore be useful tools for future experiments designed to identify domains of the KAP sequence required for localization of the Kinesin-2 complex and to monitor the behavior of the Kinesin-2 complex in living cells under different experimental conditions.
